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Hepatitis A virus (HAV) mutants containing large deletions within the first pyrimidine-rich tract (pY1;
nucleotides [nt] 99 to 138) of the 5* nontranslated RNA (5*NTR) replicate well in cultured cells, while those
with pY1 deletions which extend in a 3* direction to include nt 140 to 144 (CUUGU) have a temperature-
sensitive (ts) replication phenotype (D. R. Shaffer, E. A. Brown, and S. M. Lemon, J. Virol. 68:5568–5578, 1994).
To characterize this replication defect, the ts mutant D131-144 was grown under one-step conditions at the
nonpermissive temperature (37&C). A shift to the permissive temperature (31&C) for the first 18 h of the viral
replication cycle did not enhance virus yields, indicating that temperature sensitivity is not due to a defect in
viral entry or uncoating. Similarly, absence of increased yield with a late shift to 31&C between 54 and 72 h
suggested that the ts defect does not involve viral assembly. Although monocistronic RNA transcripts contain-
ing the D99-144 deletion directed translation 22 to 58% less efficiently than the standard 5*NTR in transfected
BS-C-1 cells, this difference was present at both 31 and 37&C. In addition, there were no temperature-dependent
differences in the abilities of bicistronic transcripts containing either ts or non-ts 5*NTR sequences within the
intercistronic space to direct translation of a downstream reporter gene. Thus, ts mutations do not confer a
demonstrable temperature-related defect in cap-independent translation. In contrast, an RNase protection
assay showed that synthesis of viral plus-strand RNA was markedly delayed in BS-C-1 cells infected with ts
virus at 37&C. Analysis of the nucleotide sequence surrounding the deletion in a non-ts revertant derived from
D116-144 virus revealed that a single U-to-G transversion at nt 114 (CUUUU3CUUGU) had restored the
sequence normally present between nt 140 and 144. These results indicate that ts mutants of HAV with
deletions extending downstream from the pY1 domain to nt 140 to 144 are defective in RNA synthesis and that
the single-stranded RNA segment containing nt 140 to 144 plays a critical role in replication of HAV RNA.
Hepatitis A virus (HAV) is a common cause of sporadic and
epidemic acute viral hepatitis in humans (20). Recently classi-
fied within a unique genus (Hepatovirus) of the family Picor-
naviridae (14), the genome of HAV consists of a single-
stranded, positive-sense RNA molecule. This genomic RNA
contains a single large open reading frame, encoding a viral
polyprotein which serves as precursor for both structural and
nonstructural proteins, preceded by a relatively lengthy, 734-
nucleotide (nt) 59 nontranslated region (59NTR) (11). As in
other picornaviruses (27, 34), the expression of the polyprotein
is under translational control of an upstream internal ribo-
somal entry site (IRES) which in the case of HAV is located
between nt 152 and the first initiator AUG codon at nt 735 (7,
8, 17, 36).
HAV replicates very slowly and inefficiently in cultured cells,
without shutoff of host cell macromolecular synthesis (15),
making it difficult to study directly the role of the HAV 59NTR
in replication of the virus. Mutations which occurred in the
59NTR during adaptation of the HM175 strain of HAV to
growth in cultured African green monkey kidney cells have
been shown to promote virus replication in a cell-type-specific
fashion (12, 13). Recent evidence suggests that these mutations
act to promote viral translation, which is normally very ineffi-
cient (29, 36). No replicative functions other than translation
have been linked directly to sequences within the highly con-
served 59NTR of HAV. Nonetheless, studies carried out with
poliovirus, another picornavirus, indicate that sequence ele-
ments near the 59 end of the 59NTR are likely to play a critical
role in the synthesis of the positive-strand RNA which serves as
both message and genome for this virus (3, 4). A recent report
suggests that sequences which are required for poliovirus RNA
replication may even extend into the complex secondary struc-
ture of the IRES (6).
The 59NTR of HAV contains several pyrimidine-rich re-
gions, the largest and most 59 of which, pY1, is an almost pure
polypyrimidine tract located upstream of the IRES between
nt 99 and 138 (30). In wild-type strain HM175, this segment
includes five tandem repeats of the sequence motif (U)UUCC
(C), possesses an ordered but as yet undefined secondary struc-
ture, and is followed by a downstream single-stranded RNA
segment extending to nt 154 (Fig. 1A). To assess the role of
this domain in replication of the virus, we previously created a
series of large deletion mutations which involved the pY1
domain of an infectious cDNA clone of a cell culture-adapted
HM175 variant (30). Deletion of the 44 nt between nt 96 and
139, including the entire pY1 domain, did not reduce the
capacity of the virus to replicate in BS-C-1 or FRhK-4 cells as
assessed by the size of replication foci in radioimmunofocus
assays (RIFAs) (21) or by measurement of virus replication
under one-step growth conditions. We also showed recently
that a virus containing a nearly complete deletion of the pY1
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domain (D96-137) within the background of a virulent HAV
was capable of efficiently replicating in vivo and causing acute
liver disease in susceptible primates (31). Additional pY1 de-
letion mutations which extended in a 39 fashion to include nt
140, 141, or 144 resulted in moderately (D96-140 and D96-141)
or strongly (D99-144, D116-144, and D131-144) temperature-
sensitive (ts) replication phenotypes in cultured cells (30) (Fig.
1B). The thermal stability of these ts mutants was unchanged
from that of the parent virus (30). These data indicate that
while the pY1 domain is not required for efficient replication in
cultured cells at physiological temperature, the single-stranded
region located immediately downstream of pY1 is essential.
Although these ts mutants have yet to be evaluated in animal
models of hepatitis A, they may have attenuation phenotypes
that could be exploited for vaccine development.
Here we describe the nature of the replicative defect that is
present in ts mutants with large deletions in this part of the
59NTR. We show that RNA transcripts containing these ts
mutations do not have a temperature-dependent defect in
translation, while ts viruses demonstrate a significant delay in
plus-strand RNA synthesis at a nonpermissive temperature.
The data provide strong evidence that the primary nucleotide
sequence of the single-stranded domain located downstream of
pY1, between nt 135 and 154, plays a critical role in replication
of HAV RNA.
MATERIALS AND METHODS
Cells. The HM175 strain of HAV was propagated in continuous African green
monkey kidney (BS-C-1) or fetal rhesus kidney (FRhK-4) cells as previously
described (5). In some experiments, translational activity of HAV cDNA re-
porter constructs was assessed in transfected BT7-H cells, which are derived
from BS-C-1 cells and constitutively express bacteriophage T7 RNA polymerase
(36).
Viruses. The ts mutants of HM175 strain HAV were rescued following trans-
fection of cells with RNA which had been transcribed from genome-length
cDNA clones containing large deletions involving the pY1 tract of the 59NTR
(30). The parent clone (pP16-pY1) for this series of mutants was derived from a
full-length HAV cDNA clone (pG3/7-18fP2) (39) containing the P2 region of the
rapidly replicating HM175/18f strain (22) within the background of the infectious
pHAV/7 clone (10). Transfections with full-length RNAs transcribed from this
template are positive for viral replication by RIFA (21) within 6 to 9 days, in
contrast to the 14 to 21 days required for RNAs lacking P2 sequences from the
rapidly replicating variant (39). However, the ts phenotype of the 59NTR deletion
mutants is not codependent on the presence of these additional mutations in the
FIG. 1. Sequence of HAV mutants in the region of pY1. (A) Predicted RNA secondary structure, showing stem-loop/pseudoknot IIb followed by the short flanking
sequence UAAA (nt 95 to 98), the pY1 tract (nt 99 to 138), which possesses a compact secondary structure as evidenced by sensitivity to RNase V1 digestion, the domain
between nt 138 and 154 (underlined sequence) which is sensitive to single-strand RNase digestion, and part of stem-loop IIIa which constitutes the 59 limit of the IRES
(8, 29, 30). (B) Sequences of selected HAV mutants with deletions in the region of the pY1 tract, showing the ts index for each mutant (difference between the log10
of the titer at 318C and the log10 of the titer at 378C) as previously reported (30). The rectangular box shows the critical region between nt 140 and 144 which is partially
or completely deleted in all ts mutants. (C) Comparison of the sequences of the ts mutant D116-144 at passage 3 (P3) and the non-ts revertant obtained at passage 6
(P6). The single mutation (nt 114) in the P6 virus is shown in boldface type. The D116-144 P6 sequence is shown in an alternate alignment to demonstrate how this
single mutation results in a D111-139 deletion mutant.
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P2 region (30). To construct pP16-pY1, the HAV/7 sequence between nt 25 and
632 was replaced with the sequence of HM175/P16 virus (18), thereby restoring
a 4-nt deletion (nt 131 to 134) and a U-to-A transversion (nt 124) to the wild-type
sequence. P16-pY1 thus represents the virus rescued from the parental construct
without deletions within the pY1 domain (30). Mutant viruses are designated
according to the specific sequences deleted (unless otherwise noted, nucleotide
numbering is that of wild-type virus [11]).
Genetic stability of ts mutants. The phenotypic stability of ts mutants was
assessed during serial passage at a nonpermissive temperature (378C). One of the
mutants (D99-144) had previously been passaged three times at 318C, while the
other two variants (D116-144 and D131-144) had undergone two previous pas-
sages at 35.58C and one passage at 318C. Following the third passage after rescue
from RNA, sequencing of the viral RNAs by an antigen capture reverse tran-
scription-PCR method (19) demonstrated that each of the three mutants re-
tained the original deletions involving the pY1 tract (30). For three subsequent
passages (passages 4 to 6), confluent cells in tissue culture flasks were inoculated
with ,1 radioimmunofocus-forming unit of virus per cell and held for 8 to 12
days at 378C. At harvest, cells were subjected to three freeze-thaw cycles, fol-
lowed by sonication, clarification by low-speed centrifugation, and chloroform
extraction. Cell harvests were serially diluted, and titers of infectious virus de-
termined by RIFA (21). The ts index (difference between log10 of titers of virus
at 31 and 378C) was calculated for selected virus stocks (30).
Temperature shift experiments. Nearly confluent monolayers of BS-C-1 cells
(approximately 2 3 105 cells) in individual wells of a 24-well plate were inocu-
lated at a high multiplicity of infection [MOI] of 2 and, after a 2-h viral adsorp-
tion period, were extensively washed. To reduce second-cycle infections of new
cells, chimpanzee serum containing high-titer neutralizing antibody to HAV was
added to the culture medium at a final concentration of 1%. Control cultures
were held at the permissive (318C) or nonpermissive (378C) temperature
throughout, while other cultures were shifted to 318C for the first 18 h (including
the viral adsorption period) or between 54 and 72 h postinoculation. At harvest
(90 h), supernatant fluids were removed from the cultures, and cells were washed
twice and lysed by the addition of 1 ml of 0.1% sodium dodecyl sulfate (SDS) as
described previously (12). The viral titer of cell lysates was subsequently deter-
mined by RIFA carried out in BS-C-1 cells at 318C.
Plasmids. Construction of the bicistronic plasmids, pLUC-D355-532-CAT and
pLUC-P16-CAT (previously pLUC-HAV-CAT), has been described previously
(36). Similar bicistronic plasmids, pLUC-D131-144-CAT and pLUC-D99-144-
CAT, were constructed by subcloning the 1.5-kb AccI-NotI fragment of pLUC-
P16-CAT, containing the 59NTR of HM175/P16 virus fused to sequence encod-
ing chloramphenicol acetyltransferase (CAT), into the multiple cloning site of
pBSKSII(2) (Stratagene). The resulting subclone, pBS-P16-CAT, contains
unique BspEI and XbaI sites (nt 25 and 743, HM175/P16) flanking the HAV
59NTR, facilitating the substitution of the analogous 0.7-kb BspEI-XbaI frag-
ments from the infectious cDNA clones pD131-144 and pD99-144, described
previously (30), to create pBS-D131-144-CAT and pBS-D99-144-CAT. Finally,
the 1.5-kb AccI-NotI digestion fragments of pBS-D131-144-CAT and pBS-D99-
144-CAT were ligated with the 4.5-kb AccI-NotI fragment of pLUC-P16-CAT to
generate pLUC-D131-144-CAT and pLUC-D99-144-CAT. The 59NTR se-
quences present in these clones are identical to those in the related infectious
clones (30) with the exception of a nucleotide substitution at nt 8 and an
additional 59-terminal U residue present in HM175/P16 virus (18). Neither of
these changes influences virus growth in cell culture (12).
A plasmid containing the cDNA sequence of a candidate HAV replicon, in
which the firefly luciferase (Luc) gene substitutes for most of the P1 capsid-
coding region, was constructed as follows. Two oligonucleotide primers were
designed to amplify the Luc-coding sequence from pGEM-LUC (Promega) by
PCR. Heterologous sequence at the 59 end of the positive-sense primer LUC1
(TTGGCGCGCAATCTAGACAAGGTGAAGACGCCAAAAACATAAAG)
added, from the 59 end, a BssHII site, followed by 12 nt of HAV sequence
beginning with the XbaI recognition sequence (nt 744 to 749) which lies imme-
diately downstream of the second HAV initiation codon (Met-3). The 39 21 nt of
this primer were complementary to nt 1751 to 1731 of pGEM-LUC. Thus, the
positive-sense primer directed an in-frame fusion of codons 1 to 5 of the HAV
polyprotein with codons 2 to 8 of the Luc sequence. Heterologous sequence at
the 59 end of the minus-sense primer LUC2 (ATCCGCGCGCTTATAGAGCTC-
CATTTTGCAATTTGGACTTTCCGCC) added, from the 59 end, a BssHI site,
followed by a stop codon [to allow screening of PCR products for Luc activity in
the pBSKSII(2) vector] and a SacI site. The LUC2 primer also changed the
stop codon of Luc to encode Glu (UAA to CAA) and at its 39 end contained 18
nt which are complementary to the Luc sequence (nt 105 to 122 of pGEM-LUC).
Thus, the negative-sense primer removed the termination codon of Luc, added
three codons not present either in the Luc or HAV sequence (Glu, Asp, and
Gly), and created a SacI site in frame with the SacI site of HAV. The 1.70-kb
product resulting from PCR amplification of pGEM-LUC sequence with LUC1
and LUC2 primers was gel purified, digested with BssHII, and substituted for
the entire polylinker in pBSKSII(2). An XbaI site within the Luc sequence (nt
1708; pGEM-LUC) was eliminated by creation of a silent mutation (GGA to
GGG) by PCR mutagenesis. Bacterial colonies containing plasmids with Luc
inserts under control of the lacZ promoter were selected by a colony blot assay
for Luc activity. Nylon filters containing replicate colony blots were wetted with
0.1 M sodium citrate (pH 5.0) containing 0.5 mM potassium luciferin (Promega),
and luminescent colonies were identified in a dark setting (37). The Luc activity
in lysates of selected colonies was subsequently quantified in a BioOrbit 1250
luminometer (LKB-Wallac, Turku, Finland). After confirmation by double-
stranded DNA sequencing of the correct flanking sequence for a clone with a
high level of Luc activity, pBS-LucDXba-56, the 1.65-kb product resulting from
XbaI-SacI digestion of this clone was gel purified and ligated with the 8.1-kb
XbaI-SacI fragment from pG3/7-18fP2DEDS (created by the removal of SacI and
EcoRI sites from the polylinker sequence of pG3/7-18fP2) to generate pP35DP1/
Luc. To eliminate the potential of RNA transcribed from this plasmid to repli-
cate as a subgenomic replicon, pP35DP1/Luc was digested with XhoI, treated
briefly with S1 nuclease, and religated to create pP35DP1/LucDX. The HAV
sequence in this construct contains an 11-nt deletion centered on the former
XhoI site, resulting in a frameshift mutation in the polyprotein-coding sequence
and the truncation of 3Dpol at amino acid 352.
Construction of a cDNA clone (pD111-139) containing the pY1 sequence of a
non-ts revertant of D116-144 virus was accomplished by PCR-based mutagenesis.
The negative-strand PCR primer (2170 Rev; CCTGAACCTGCAGGAAT
CAATATTTACAAGGGAAAGGG) was designed to overlap the PstI site at nt
162 and to introduce the U-to-G transversion at position 114 (see Results) within
the template DNA (pD116-144) sequence. The positive-strand primer (118wt;
TTCAAGAGGGGTCTCCGG) overlapped the BspEI site at nt 25. The 0.13-kb
PCR product was digested with BspEI and PstI and ligated into the unique
BspEI-PstI site of a subclone [pG3Zf/(D116-144)0-632] which contained the first
632 nt of the D116-144 sequence to create pG3Zf/(D111-139)0-632. The 0.6-kb
BspEI-BamHI fragment from pG3Zf/(D111-139)0-632 was subsequently ligated
with the 9.7-kb fragment of pD116-144, resulting from BspEI-partial BamHI
digestion, to create the full-length HAV cDNA clone, pD111-139. The sequence
of the manipulated region was confirmed by double-stranded DNA sequencing
using the Sequenase reagent kit (United States Biochemical Corp.).
Nucleotide sequence of viral RNA. Sequencing of the pY1 region of HAV
variants obtained after passage at the nonpermissive temperature was accom-
plished by antigen capture PCR (19) followed by cycle sequencing using DTaq
DNA Polymerase (United States Biochemical) as described previously (30).
Electroporation of FRhK-4 and BS-C-1 cells. RNA transfections were per-
formed according to the general protocol described by Liljestrom et al. (23).
After trypsinization and washing, 4 3 106 to 8 3 106 cells suspended in 0.5 ml
medium were transferred to a 0.2-cm cuvette (Bio-Rad), to which 15 mg of RNA
was added. The optimal electroporation voltage for FRhK-4 and BS-C-1 cells
was determined to be 1.50 kV/25 mF, applied twice. Cells were subsequently
diluted into 3 to 4 ml of growth medium containing 10% serum. Approximately
20% of normal BS-C-1 cells are successfully transfected by this protocol, as
evidenced by in situ staining for b-galactosidase activity following electropora-
tion with RNA containing the IRES of encephalomyocarditis virus fused to the
b-galactosidase coding sequence (data not shown).
Reporter gene assays. Assays for Luc and CAT activities in cell lysates were
carried out as described previously (36).
RNase protection assay. An RNase protection assay for quantitation of plus-
strand HAV RNA was developed by using reagents from the Lysate Ribonucle-
ase Protection Assay kit (United States Biochemical) as recommended by the
manufacturer. Two RNA probes were included in hybridization reactions with
RNA present in cell lysates. HAV(2)258-607, a 611-nt probe containing minus-
strand sequence between nt 258 and 607 of HM175/P16 virus, generated a
protected fragment of 349 nt following hybridization with viral RNA. Plasmid
pG3Zf-HAV(258-607), from which the probe was derived, contains the 349-nt
HaeIII fragment between nt 258 and 607 cloned into the SmaI site of the
polylinker of pGEM3Zf(2) (Promega). Runoff 32P-labeled RNA transcripts
were obtained by in vitro transcription with T7 RNA polymerase following PvuII
digestion of the plasmid DNA. A 139-nt RNA probe containing 100 nt of
minus-strand sequence from the human glyceraldehyde phosphate dehydroge-
nase (GAPDH) gene (United States Biochemical) allowed assessment of the
total cellular RNA content of each lysate. Hybridizations were carried out over-
night at 458C.
RESULTS
Temperature shift experiments to identify early or late de-
fects in the replication cycle of ts mutants. Several HAV mu-
tants with large 59NTR deletions which involve the pY1 do-
main but extend 39 to include nt 140 to 144 demonstrate a ts
replication phenotype in FRhK-4 and BS-C-1 cells (Fig. 1B)
(30). We previously showed that the replication of these mu-
tants is delayed up to 48 h under one-step growth conditions at
a nonpermissive temperature (378C), followed by a rate of
replication which is only slightly less than that at a permissive
temperature (318C) (30). In contrast, parental virus or non-ts
pY1 deletion mutants have similar replication kinetics at 31
and 378C. The delay observed in replication of tsmutants at the
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nonpermissive temperature might be explained by a defect in
an early step of the viral life cycle, such as uncoating, followed
by relatively normal intracellular replication. To evaluate this
possibility, experiments were designed to determine whether a
shift to the permissive temperature for a limited period of time
within the replication cycle would be sufficient to overcome a
block in a temporally restricted replicative function. To ensure
that single-cycle replication kinetics were measured, BS-C-1
cells were inoculated with the ts mutant D131-144 at a rela-
tively high MOI of 2 and washed extensively following a 2-h
virus adsorption period. Excess neutralizing anti-HAV anti-
body was added to the medium to prevent infection of new
cells, and replicate cultures were harvested at 18-h intervals for
determination of intracellular virus titers by RIFA (see Mate-
rials and Methods). As expected, viral replication was delayed
when cells were incubated at the nonpermissive temperature,
with lower intracellular virus yields present at 90 h (Fig. 2). No
significant increase in viral replication was observed when cul-
tures were shifted to the permissive temperature for the first 18
h (including the adsorption period), during which viral entry
and uncoating should be largely completed in a normal repli-
cation cycle (30, 35). These data argue strongly against a tem-
perature-dependent defect in an early process such as viral
entry or uncoating.
Similarly, there was no increase in replication when D131-
144 virus-infected cells were shifted to the permissive temper-
ature between 54 and 72 h following adsorption (Fig. 2). By
this time, the major burst in replication had already occurred in
cells held at the permissive temperature throughout the infec-
tion cycle. Thus, the absence of a significant increase in virus
yield with this late shift to the permissive temperature sug-
gested that the temperature sensitivity is not due to an isolated
defect in a late step in virus replication, such as particle as-
sembly. Together, the data shown in Fig. 2 indicate that the ts
defect in the replication of D131-144 virus is not restricted to
either early or late events in the replication cycle but is more
likely to involve central events such as viral polyprotein trans-
lation or RNA replication.
Cap-independent translation directed by monocistronic ts
5*NTR transcripts in BS-C-1 cells. To determine whether ts
mutants are impaired in translation at the nonpermissive tem-
perature, we attempted to metabolically label viral proteins
synthesized during the early phase of the replication cycle,
prior to significant replication of the input viral RNA (6 to 15
h postinfection). However, even at the permissive temperature,
the quantities of viral proteins synthesized during this early
phase of the replication cycle were insufficient for detection
following immunoprecipitation and SDS-polyacrylamide gel
electrophoresis (data not shown). Therefore, we used a sensi-
tive reporter system to monitor viral translation in vivo. BS-C-1
cells were transfected with RNA transcribed from a modified
full-length HAV cDNA clone in which the Luc-coding se-
quence was inserted in frame in lieu of most of the P1-coding
region and a large deletion created within the 3Dpol sequence
to prevent replication (Fig. 3A). Luc expression was monitored
as a measure of IRES-directed translation. Experiments compar-
ing transcripts containing a non-ts 59NTR sequence (pP35DP1/
LucDX) with transcripts containing a ts 59NTR sequence
(pD99-144DP1/LucDX) indicated that translation of the ts RNA
was modestly reduced at both 31 and 378C (Fig. 3B). RNA
transfections done at 318C resulted in higher Luc activity than
parallel transfections done at 378C, perhaps as a result of
decreased stability of RNA or Luc protein, or decreased cell
survival following electroporation, at the higher temperature.
However, Luc expression from the ts RNA was approximately
30% less than that from the non-ts RNA at 318C and 58% less
at 378C.
In an additional experiment (Fig. 3C), eight replicate cul-
tures of BS-C-1 cells were electroporated under optimal con-
ditions with ts or non-ts RNA and maintained subsequently at
the nonpermissive temperature, 378C. At 7 h following trans-
fection, each culture was assayed for Luc activity and for plus-
strand HAVRNA by an RNase protection assay. Slightly lower
Luc activity was present in cells transfected with the ts RNA
(mean Luc activity5 19.39 light units [95% confidence interval
[CI] 5 1.25] for pD99-144DP1/LucDX, versus 24.91 light units
[95% CI 5 3.09] for pP35DP1/LucDX) (Fig. 3C). The abun-
dance of plus-strand RNA in the transfected cells was quanti-
fied by PhosphorImager (Molecular Dynamics) analysis of the
RNase protection assay results. Although there was substantial
variation between individual cultures, the mean viral RNA
content of cells transfected with the ts RNA did not differ from
FIG. 2. Temperature shift experiment. BS-C-1 cells were infected at a high
MOI with the ts mutant D131-144 and maintained at 318C (solid line) or 378C
(dotted line) as indicated. Adsorption was carried out at the same temperature
as the first 18 h of the growth cycle. Anti-HAV neutralizing antibody was added
to prevent second cycle reinfection of new cells. Intracellular virus titers were
determined at each point by RIFA done at 318C. RFU, radioimmunofocus-
forming units.
FIG. 3. Translation of synthetic subgenomic monocistronic HAV transcripts
transfected into BS-C-1 cells. (A) Subgenomic RNA transcripts contained the
Luc gene in lieu of P1 capsid-coding sequence and were engineered to be
deficient in replication as a result of a frameshift mutation in the 3Dpol-coding
region (3). Different transcripts contained 59NTR sequences with (pD99-
144DP1/LucDX [D99-144]) and without (pP35DP1/LucDX [P35]) ts deletion mu-
tations and were studied at 31 and 378C. (B) Comparison of Luc activities
expressed from RNA transcripts at 31 and 378C. Results from four replicate
cultures at each temperature are indicated as single points. The mean Luc
activities 6 95% CI are shown as solid and dashed bars, respectively. (C)
Comparison of the Luc activity expressed from each RNA in a second experi-
ment carried out at 378C. Eight replicate cultures were transfected with each
RNA.
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that of cells transfected with the non-ts RNA (data not shown),
indicating that similar amounts of each RNA were available for
translation. Although the 22% difference observed between
Luc expression from these two RNAs (Fig. 3C) suggests that
the 59NTR deletion in pD99-144DP1/LucDX is somewhat det-
rimental to translational activity, it is unlikely that this small
decrease in translation is sufficient to account for the severe
replicative defect of pD99-144 virus at the nonpermissive tem-
perature (Fig. 1B). Further support for this conclusion comes
from the fact that translation of the ts pD99-144DP1/LucDX
transcript was similarly reduced at both permissive and non-
permissive temperatures (compare Fig. 3B and C).
Translation directed by bicistronic ts 5*NTR transcripts in
BT7-H cells. As an additional measure of viral translation, we
studied the translational activities of ts 59NTR sequences in an
in vivo reporter system utilizing BT7-H cells, which are derived
from HAV-permissive BS-C-1 cells and constitutively express
cytoplasmic bacteriophage T7 RNA polymerase (36). Trans-
fection of these cells with plasmid DNA containing T7 pro-
moter and terminator sequences results in cytoplasmic tran-
scription of uncapped RNA, allowing evaluation of the ability
of IRES elements to direct cap-independent translation in
vivo. For these experiments, plasmids were constructed in
which bicistronic T7 transcriptional units contained standard
(non-ts) and ts 59NTR sequences as the intercistronic spacer
between the reporter genes Luc and CAT (Fig. 4A). In BT7-H
cells transfected with these plasmid DNAs, expression of CAT
from the downstream cistron occurs by IRES-dependent inter-
nal initiation of translation (36). Expression of Luc from the
upstream cistron in the uncapped T7 transcripts is limited but
is readily detectable and serves as a control for both transfec-
tion and T7 transcription activity.
Bicistronic plasmids containing the ts 59NTR sequences of
the D99-144 and D131-144 viruses were transfected into BT7-H
cells at 31 and 378C by a previously described liposome-medi-
ated transfection method (36). Positive and negative control
plasmids included pLuc-P35-CAT, which contains a standard,
non-ts 59NTR sequence (from HM175/P35 virus), and pLuc-
D355-532-CAT, in which the IRES of HM175/P16 virus has
been inactivated by a large deletion mutation (30, 36). As
expected, there was no significant expression of CAT following
transfection with pLuc-D355-532-CAT at either temperature
(data not shown). Figure 4B summarizes the results of three
separate experiments involving a total of up to eight replicate
sets of transfections for each of the other three bicistronic
plasmids. With each of the plasmids, Luc expression was mod-
estly but consistently greater at 37 than at 318C (2.1- to 2.4-fold
increase; data not shown), suggesting either enhanced transla-
tional or T7 transcriptional activity at the higher temperature.
Since levels of CAT expression were similar at the two tem-
peratures (data not shown), the ratio of CAT to Luc expressed
by the bicistronic transcripts produced from each of these
plasmids was lower at 37 than at 318C (Fig. 4B). Although the
temperature-related increase in Luc expression complicated
the comparison of results obtained at the different tempera-
tures, at any one temperature, the CAT/Luc ratio can be con-
sidered a good measure of the translational activity of the
IRES present in the intercistronic space of these transcripts. A
comparison of the CAT/Luc ratios obtained with transfection
of the different plasmids indicated that the translational activ-
ity of the D131-144 mutant was approximately 58% of that of
the non-ts 59NTR at 318C and 53% at 378C. Comparable values
for the D99-144 mutant were 74% at 318C and 68% at 378C.
These findings are thus in close agreement with the results
obtained in transfection experiments with synthetic monocis-
tronic RNA transcripts (Fig. 3), which suggested that the trans-
lational activity of the D99-144 mutant was 42 to 78% of that of
the non-ts 59NTR at both permissive and nonpermissive tem-
peratures.
This series of experiments appeared to confirm that deletion
mutations which result in a ts replication phenotype may cause
a minor reduction in translation efficiency. However, the min-
imal extent to which these mutations impaired translation,
coupled with the lack of temperature dependence, make it
doubtful that such defects in translation are responsible for the
ts replication phenotype.
Plus-strand RNA accumulation in cells infected with a ts
mutant. The accumulation of viral plus-strand RNA in BS-C-1
cells infected at the permissive or nonpermissive temperature
with the ts mutant D131-144 was determined by an RNase
protection assay. For comparison, RNA levels were also mea-
sured in BS-C-1 cells infected with the parental P16-pY1 virus
at both temperatures. The HAV-specific RNA probe used in
the RNase prediction assay contained HAV sequences be-
tween nt 258 and 607. A second RNA probe which hybridizes
to cellular GAPDH mRNA was used to monitor differences in
total cellular RNA content of samples. These experiments
demonstrated that the ts mutant was markedly impaired in
plus-strand viral RNA accumulation at the nonpermissive tem-
perature, while the non-ts variant showed similar kinetics of
RNA accumulation at permissive and nonpermissive temper-
atures (Fig. 5). Infections carried out with tsmutants at a lower
MOI of 0.5, such as shown in Fig. 5, resulted in a more marked
delay in RNA accumulation (up to 90 h) than similar infections
carried out at an MOI of 2 to 3 (data not shown). These results,
in combination with those presented above, strongly suggest
that the ts phenotype involves a primary defect in RNA syn-
thesis.
Attempts were made to detect viral minus-strand RNA with
a two-cycle RNase protection assay (26). However, no specific
protected RNA fragment representing minus-strand HAV
RNA could be detected at any point in time up to 144 h
postinfection with either parental or ts virus at the permissive
temperature (data not shown). Our inability to detect signifi-
cant quantities of minus-strand RNA is consistent with the very
FIG. 4. Translation of bicistronic RNA transcripts in BT7-H cells (36). (A)
Organization of bicistronic T7 transcripts produced in BT7-H cells transfected
with plasmid DNA. The 59NTR sequences were derived from a non-ts HAV
variant (HM175/P35) or two tsmutants (D99-144 and D131-144). (B) Transfected
BT7-H cells were maintained at 31 or at 378C, with cell lysates assayed subse-
quently for Luc and CAT activities. The ratios of CAT (counts per minute) to
Luc (light units) activities are plotted for each transfected culture, with means 6
95% CI for each plasmid-temperature combination shown as solid and dashed
bars, respectively.
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low abundance of HAV minus-strand RNA reported by others
(2).
Characterization of a non-ts revertant virus. Previous stud-
ies demonstrated that the ts phenotype of the D99-144, D116-
144, and D131-144 mutants was stable over three passages
following rescue from RNA (30). Nonetheless, we carried out
three additional passages of these ts mutants at 378C in an
effort to force selection of revertant viruses which were capable
of forming large radioimmunofoci at the nonpermissive tem-
perature. After a total of three additional passages at 378C,
D99-144 and D131-144 viruses still produced only minute rep-
lication foci in 8-day RIFAs done at this nonpermissive tem-
perature (data not shown). However, after only one passage at
378C (passage 4, following two earlier passages at 35.58C and
one at 318C), the D116-144 mutant showed considerable vari-
ability in radioimmunofocus size, with large replication foci
present at 378C (data not shown). After three passages at 378C
(passage 6), the radioimmunofoci produced by D116-144 at
378C were uniformly large (Fig. 6A), and the ts index of the
virus (0.25) was reduced to that of the non-ts parent (Fig. 1C).
Individual replication foci of the D116-144 revertant were
selected for nucleotide sequencing in the region surrounding
the pY1 deletion, using an antigen capture PCR approach
(19). Compared with D116-144 virus sequenced following pas-
sage 3 (318C), the sequence of the passage 6 D116-144 rever-
tant between nt 70 and 190 contained a single U-to-G trans-
version at nt 114 (Fig. 7). Because of the context of nt 114, this
mutation effectively restored the original sequence deleted be-
tween nt 140 and 144, in effect creating a new mutant, D111-
139 (Fig. 1C). Previous work demonstrated that the deletion of
sequence between nt 140 and 144 was responsible for the ts
phenotype (30) and suggests that a D111-139 deletion mutant
should not be ts (Fig. 1B). Thus, the passage 6 D116-144 virus
can be considered a true revertant in the sense that the U-to-G
transversion at nt 114 restored the primary sequence between
nt 140 and 144 which is essential for efficient growth at 378C.
To confirm this interpretation and exclude the possibility
that mutations elsewhere in the genome may have contributed
FIG. 5. Plus-strand viral RNA accumulation in HAV-infected cells detected by an RNase protection assay. BS-C-1 cells were infected (MOI 5 0.5) with either a
non-ts virus (P16-pY1) or a mutant with a ts phenotype (D131-144; ts index 5 1.8) at 31 or 378C. The cell lysate was hybridized to two negative-strand RNA probes
(shown at the left): HAV(2)258-607 (unprotected size5 611 nt; protected size5 349 nt) and GAPDH(2) (unprotected size5 139 nt; protected size5 100 nt). Arrows
at the right indicate the positions of protected fragments. Virus and temperature are indicated above each of four clusters; within each cluster, the six lanes represent
mock infection (a) and 18 (b), 36 (c), 54 (d), 72 (e), and 144 (f) h postinfection.
FIG. 6. Radioimmunofocus phenotypes of D116-144 virus and a related
non-ts revertant. (A) Comparison of radioimmunofocus size and number follow-
ing infection of BS-C-1 cells with passage 2 (P2) and passage 6 (P6) D116-144
viruses at 31 and 378C. Equal amounts of virus stocks were used to infect cultures
at both temperatures. (B) Comparison of radioimmunofocus size following in-
fection of BS-C-1 cells with passage 2 D116-144 virus and D111-139 virus (created
by site-directed mutagenesis of nt 114 of pD116-144) at 31 and 378C. Cultures
were held for 10 days prior to processing. To demonstrate the relative sizes of
radioimmunofoci produced by the ts passage 2 D116-144 virus at nonpermissive
and permissive temperatures, the 378C culture was inoculated with 100-fold more
virus than the corresponding culture maintained at 318C. Equal quantities of
D111-139 virus were used to infect cultures at 31 and 378C.
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to the loss of temperature sensitivity in the revertant, the
U-to-G mutation at nt 114 was recreated within the pD116-144
cDNA clone by PCRmutagenesis, resulting in the cDNA clone
pD111-139 (Materials and Methods). RNA transcripts from
the pD111-139, pD116-144, and non-ts pP16-pY1 (parental)
cDNA templates were transfected into FRhK-4 cells. Direct-
transfection RIFA (30) showed that, in comparison with D116-
144, the single additional mutation which was engineered in
D111-139 resulted in large radioimmunofoci which were simi-
lar to those of the P16-pY1 virus at 378C (data not shown). No
D116-144 replication foci were evident following transfection
at this temperature. These results were confirmed by subse-
quent RIFA of viruses recovered by lysis of the transfected
cells. As shown in Fig. 6B, D111-139 virus was not ts as judged
by the size of radioimmunofoci at 31 and 378C. The ts indices
for the D116-144 virus and the D111-139 virus in this experi-
ment were calculated to be 1.30 and 0.57, respectively. These
data indicate that the loss of temperature sensitivity of the
D116-144 virus on passage at the nonpermissive temperature
was in fact due to the single mutation at nt 114 and confirm the
importance of the primary sequence between nt 140 and 144
for efficient growth at physiologic temperatures.
DISCUSSION
Although mutations associated with temperature sensitivity
have been well characterized in poliovirus and other picorna-
viruses (see the review by Minor [25]), such mutations have not
been described for HAV prior to those characterized here.
These HAV ts mutants share a purposefully engineered dele-
tion involving part or all of the pY1 domain of the 59NTR with
extension downstream to involve nt 140 to 144 (CUUGU) (30)
(Fig. 1). These five nucleotides form part of a single-stranded
domain lying just upstream of the HAV IRES (7, 8, 30, 36).
Under one-step conditions, the ts mutants consistently show a
delay in viral replication at 378C (30). This delay might be
explained by a defect in an early step of viral replication, such
as penetration or uncoating, followed by a nearly normal rate
of intracellular replication. However, a shift to the permissive
temperature for the first 18 h of the replication cycle did not
correct the defect in replication (Fig. 2), indicating that the
delay is not due to an isolated defect in an early step in the
cycle. Thus, additional experiments were carried out in an
effort to determine the basis for the defect in replication of
these ts mutants at nonpermissive temperatures.
Results of most previous studies suggest that alterations of
the sequence upstream of nt 151 will not significantly affect the
ability of the HAV IRES to direct translation (7, 8, 16, 17, 36).
To test this hypothesis, we examined translation in cells trans-
fected with modified subgenomic RNA transcripts in which the
Luc-coding region had replaced most of the P1 capsid-encod-
ing sequence and in which a frameshift mutation placed in the
3Dpol region prevented RNA replication. In this context, the
deletion of nt 99 to 144 from the 59NTR sequence resulted in
only a 22 to 58% decrease in the expression of Luc at the
nonpermissive temperature (Fig. 3B). Importantly, however,
the translation of this ts RNA was similarly impaired at a
permissive temperature. In addition, we found a similar, min-
imal, temperature-independent impairment of translation
when 59NTR sequences containing ts mutations were used to
direct translation of a reporter gene from bicistronic RNA
transcripts produced in T7 polymerase-expressing BT7-H cells
(Fig. 4). It is intriguing to speculate that this minor impairment
in translation might result from crowding of the IRES by closer
positioning of upstream secondary structures within the mu-
tated 59NTRs. However, this minimal defect in translation is
unlikely to be responsible for the strongly ts replication phe-
notypes of the related viruses (ts index of up to 3.6 log10; Fig.
1) (30), both because of the small magnitude of the defect and
because of the fact that it is independent of temperature. Both
systems used to assay translational activity generally confirmed
previous mapping of the HAV IRES, producing results that
are consistent with the view that the IRES is located down-
stream of nt 151 (7, 8, 17, 36).
In contrast, measurement of RNA levels in cells infected
with a ts virus demonstrated a dramatic impairment in RNA
synthesis at the nonpermissive temperature (Fig. 5). The
slower than normal rate of RNA synthesis of the ts mutants at
the nonpermissive temperature is consistent with the delay
demonstrated by these mutants in reaching maximal yields of
infectious virus (Fig. 2). Substantial reductions in the rate of
viral RNA synthesis could occur as a result of the cumulative
effects of a lesser defect in an earlier step of the viral replica-
tion cycle. However, these data, when taken together with the
absence of a detectable temperature-related defect in transla-
tion or other earlier events in replication such as uncoating, are
strongly suggestive of a primary defect in RNA replication.
Because of the very low abundance of minus-strand RNA in
HAV infections (2), we were unable to determine whether
minus-strand RNA synthesis is similarly impaired at the non-
permissive temperature. However, the location of the ts muta-
tion near the 59 end of the genome would suggest a primary
defect in plus-strand initiation (3, 4).
Recent studies of poliovirus RNA replication suggest that
the assembly of a cellular factor(s) and the viral 3CD protein
on a cloverleaf-like structure formed by the 59-terminal 100 nt
of the plus-strand RNA may be essential for initiation of new
plus-strand RNA synthesis from an associated minus-strand
template (3). Replication of poliovirus RNA is dependent on
an interaction between the viral proteins 3AB and 3CDpro and
the 59-terminal cloverleaf structure (3, 4, 38). A 36-kDa cellu-
lar protein, possibly a proteolytic cleavage product of eucary-
otic elongation factor EF-1a, may also participate in this pro-
cess (3, 4, 17a). However, there is currently no agreement as to
whether the 59-terminal cloverleaf alone is sufficient for viral
plus-strand synthesis (1, 28) or whether additional sequences
within the IRES may also be required for efficient RNA syn-
thesis (6). Hepatoviruses, like cardioviruses, do not possess an
analogous 59-terminal cloverleaf structure (7) but have instead
a 59-terminal hairpin followed by two downstream pseudoknot
structures which may possess similar functions in RNA repli-
FIG. 7. Nucleotide sequence of the D116-144 virus in the region of the pY1
deletion at different passage levels: passage 3 (P3) carried out at 318C, and
passages 4 and 6 (P4 and P6) carried out at 378C. The arrowhead at the left
indicates the position of nt 114. In each panel, lanes from left to right are U, G,
C, and A.
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cation (7, 30). It is reasonable to speculate that these functions
might include acting as binding sites for viral and/or cellular
proteins during the initiation phase of plus-strand HAV RNA
synthesis.
The function of the pY1 domain and the adjacent single-
stranded sequence between nt 139 and 154 has been uncertain,
particularly since deletion of the pY1 domain (nt 96 to 137)
does not impair replication of the virus in cultured cells or
susceptible nonhuman primates (30, 31). However, the fact
that ts mutants with pY1 deletions extending downstream to nt
140 to 144 have a defect in RNA synthesis assigns a role in
RNA replication to this region of the 59NTR. The deletion of
nt 140 to 144 could affect viral RNA synthesis by several pos-
sible mechanisms. However, the nature of the mutation found
in the non-ts D116-144 revertant virus, which precisely restored
the original sequence between nt 140 and 144 (Fig. 6), suggests
that the function of this region is critically dependent on this
primary structure. Consistent with this hypothesis, there is a
very high level of conservation among different strains of hu-
man HAV in the region between nt 141 and 155, while the
sequence between nt 142 and 144 (UGU) is absolutely con-
served (30).
Although this sequence could function in RNA replication
by stabilizing larger secondary or tertiary RNA structural ele-
ments, this seems unlikely because previous experiments which
were aimed at mapping the secondary structure of the 59NTR
found that this region is readily cleaved by several single-
stranded RNA specific RNases (30). These earlier results not
only suggest that this segment of the 59NTR is not involved in
base pair formation but also indicate that it is located on the
surface of the folded RNA, where it would be accessible for
protein binding. Thus, it seems more likely that the deleted
sequence between nt 140 and 144 (CUUGU) may stabilize
specific RNA-protein interactions which are required for viral
RNA synthesis and may be recognized directly by proteins
involved in RNA synthesis. As indicated above, studies with
poliovirus suggest that such proteins might be of either viral or
cellular origin (3, 4, 17a, 38). It is noteworthy that Chang et al.
(9) found that a uniformly labeled HAV RNA probe consisting
of nt 96 to 155 was exceptionally active in binding cellular
proteins of 30 and 39 kDa following UV cross-linking to cel-
lular extracts of HAV-permissive BS-C-1 and FRhK-4 cells.
However, it is not clear at present whether these cellular pro-
teins play any role in HAV replication.
A comparison of the sequences flanking the deletions in the
ts D99-144, D116-144, and D131-144 mutants suggests why only
the D116-144 variant reverted to a non-ts phenotype within
four to six passages (Fig. 1B and C). In the case of D116-144,
the sequence present immediately upstream of the deletion
results in a requirement for only a single U-to-G transversion
to restore the critical 5-nt domain (CUUGU) normally present
between nt 140 and 144. In contrast, three or four individual
mutations would be required to restore the same sequence in
the D99-144 and D131-144 mutants, likely accounting for the
greater stability of the ts phenotype of these mutants. A close
inspection of the deletion mutant sequences displayed in Fig.
1B shows that nt 94 and 95 (CU) immediately upstream of the
deletion mutation in the D96-141 virus preserves the CUUGU
sequence normally present at nt 140 to 144. Why, then, is this
virus ts? The most likely explanation is that C-94 remains base
paired with G-80 within the upstream pseudoknot IIb (Fig. 1A)
(30) and is therefore not available for RNA or protein inter-
actions normally involving C-140. Thus, the ts phenotype of
D96-141 virus provides additional indirect evidence for the
existence of stem-loop IIb and also suggests that large pY1
deletions do not destabilize upstream secondary structure.
Furthermore, these results indicate that high-stability ts mu-
tants can be engineered by careful selection of nucleotides
flanking the pY1 deletion site.
Although viruses carrying the genetically stable ts mutations
described here (D131-144 and D99-144) have not yet been
studied in HAV-susceptible primates, such mutants may have
attenuation properties that would be useful for vaccine devel-
opment. The attenuation properties of the Sabin poliovirus
vaccine strains correlate well with the temperature sensitivity
of these viruses (25). The HAV mutants characterized in this
report contain numerous additional mutations in the 59NTR
and P2 regions which enhance growth in cultured monkey
kidney cells and result in attenuation of the virus in primates
(12, 13). In general, such viruses have been overly attenuated
and poorly immunogenic when evaluated as vaccine candidates
(24, 32, 33). Reconstruction of the D131-144 or D99-144 mu-
tation in a wild-type HAV background which is minimally
altered to permit growth in cultured cells might result in can-
didate vaccine strains with unique and potentially useful atten-
uation properties due to impaired replication at physiologic
temperature in some host tissues (30, 31).
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